The discovery in California of methyl tertiary-butyl ether (MTBE) in surface waters used for recreational boating has raised concerns over the potential impact on drinking water quality. Concentrations of MTBE above the California secondary maximum contaminant level of 5 ppb have been reported. Here we present a model to predict the fate of MTBE in surface waters as a function of wind speed, water temperature, epilimnion depth, and lake surface area. The model was validated with MTBE concentration data from Lake Perris in southern California and Calero Reservoir in northern California. When applied to typical lake conditions in California [i.e., epilimnion depth <11 m (<35 ft) and water temperature >15ЊC], the maximum half-life for MTBE is <40 days for quiescent conditions, and as low as 6 days if the average wind speed is >4.5 m/s (10 mi/h). The model can be used for management of recreational boating based on a target MTBE concentration in the reservoir.
INTRODUCTION
To comply with the 1990 Clean Air Act Amendments, methyl tertiary-butyl ether (MTBE), an oxygenate compound, has been added to gasoline in California, to a concentration of 11% MTBE by volume (2.0% by weight oxygen). As a result of the increased use of oxygenates, specifically MTBE, detections of MTBE in ground water and surface water have increased throughout California and other states. This has raised concerns among water purveyors over actual and potential threats of MTBE to water quality in the state's drinking water supplies. Large releases of MTBE to the ground water occur primarily as a result of spills and leaks from underground storage tanks containing gasoline with MTBE (Squillace et al. 1996) . Surface water sources are impacted by MTBE primarily as a result of recreational boating use (Reuter et al. 1998 ) due to either leaks and spills during fueling, or releases of unburned fuel from watercraft during recreational activity (commonly two stroke engines). Sources of MTBE in surface waters include releases from recreational vehicles, storm water runoff, and spills. A study by the USGS found an average MTBE concentration of 1.5 ppb in 592 storm water samples. The occurrence of fueling spills cannot be predicted and they do not appear to be a significant continuous source of MTBE contamination to surface water bodies. This suggests that in most cases, recreational vehicles are the most likely dominant source. This conclusion was also reached by Reuter et al. (1998) in a recent evaluation of MTBE occurrence at Donner Lake, Calif.
The fate of MTBE following release to surface water is dependent upon site-specific factors that will control the rate of physical, chemical, and possibly biological processes. For example, the volatilization of MTBE from rivers as a function of river depth, water temperature, and water velocity has recently been evaluated (Pankow et al. 1996) . MTBE has a predicted half-life of 15 h at 25ЊC in a 1-m (3.2-ft) deep river flowing at 0.3 m/s (0.7 mi/h). Recently, various investigators have reported that MTBE does not appear to accumulate in lakes over time, but rather, the concentrations of MTBE de- crease after the cessation of recreational boating activity (Dale 1997; Davis 1997; Miller and Fiore 1997; M. Tikkanen, unpublished data, 1997; Reuter et al. 1998) . The rate of this decrease appears to be site-specific, but at least in three cases, MTBE disappeared quite rapidly (half-life <25 days) following the end of boating (Davis 1997; Reuter et al. 1998 ). These studies showed that two-cycle watercraft contributed significantly to elevated concentrations of MTBE in surface waters (Reuter et al. 1998 ). Several models have been developed to predict concentrations of MTBE in surface waters with time (McCord 1998; J. F. Pankow, personal communication, 1998) . Although accurate, these models cannot be easily used or adapted as a reservoir management tool.
This article presents a simplified, yet sufficiently accurate model to predict the fate and transport of MTBE and other oxygenates in lakes and reservoirs, under realistic California climatologic and limnologic conditions. Such a model can be used to manage surface water bodies to prevent MTBE concentrations from exceeding some predefined threshold (i.e., the secondary maximum contaminant level of 5 ppb).
MODEL DEVELOPMENT
The fate of MTBE in a surface water body is determined by several processes: volatilization, advection, biodegradation, photooxidation, adsorption, and abiotic degradation. The physiochemical properties and the observed recalcitrance to biodegradation suggest that many of these processes are negligible or slow, except for volatilization and advection. Consequently, to predict the fate of MTBE in surface waters, we have assumed that the primary loss mechanisms will be volatilization due to mixing at the air/water interface, and advection.
A surface water body can be conceptualized as a continuously mixed-flow reactor, where the mass flow rate of MTBE into the reservoir is given as Q b C 0 , the mass flow rate of MTBE out of the reservoir is given as Q s C, the mass rate of MTBE loss due to volatilization is defined as rCV, and the change in mass rate with time is defined as V(dC/dt). V represents the volume of the surface water body where MTBE mixing can occur [e.g., the epilimnion (m 3 )], r represents the first order mass transfer rate constant for volatilization (s Ϫ1 ), Q b is the average volumetric flow rate into the reservoir from recreational boating (m 3 /s), and Q s is the average volumetric discharge rate out of the reservoir (m 3 /s)
Rearranging, (1) becomes
res where = (V/Q s ); and F 0 is the mass rate of MTBE input t res per epilimnion volume. The mass flow rate of MTBE per epilimnion volume into a reservoir is unsteady (i.e., the number of personal watercraft using the reservoir and the amount of gasoline with MTBE discharged into the reservoir are timedependent variables) and thus, (2) is nonlinear and cannot be solved analytically. However, a finite-element numerical solution can be used for a given time increment i based on the preceding moment in time i Ϫ 1, which is given by
The predicted MTBE concentrations are independent of position or depth in the reservoir and are a function of time only. Consequently, (3) relies on the field-verified assumption (Davis 1998; G. C. Miller, personal communication, Oct. 7, 1998) that wind action and water currents rapidly (over several hours) mix MTBE throughout the depth of the epilimnion, once introduced into the surface water body, resulting in a relatively even distribution of MTBE throughout the epilimnion. This assumption results in a larger mass of MTBE distributed throughout the epilimnion than would actually exist, due to the expected immediate volatilization of some portion of the MTBE following discharge of the fuel. Similarly, Miller (personal communication, Oct. 7, 1998) and Davis (1998) found little or no MTBE mixing below the thermocline while the lake remained stratified.
For the case when recreational activity has ended, the source term can be eliminated from (2) and, consequently, (2) can be solved analytically. By choosing a reservoir where advective losses could be neglected because the hydraulic residence time is much longer than the time associated with volatilization losses, it is possible to model only the effect of volatilization. This allows one to isolate and validate the volatilization rate constant r before attempting to validate all of (3). Assuming a first order concentration decay describing the volatilization loss of MTBE from a surface water body without a source term (i.e., no significant ongoing MTBE input and outflow) the solution to (2) is
where K L = overall mass transfer coefficient for MTBE across the air/water interface (m/s); a = effective interfacial area for mass transfer (area/volume or 1/h, where h is the depth of the modeled layer, in this case, the epilimnion (m Ϫ1 ); C = concentration of MTBE at time t (g/m 3 ); and C 0 = MTBE concentration immediately following the cessation of recreational activity (g/m 3 ). To calculate the overall mass transfer coefficient K L for MTBE, the two-film model for liquid k l and gas phase k g mass transfer coefficients is used
where H = dimensionless Henry's constant. Thibodeaux (1996) presented two empirical equations, developed by Lunney et al. (1985) and Harbeck (1962) , for the local liquid and gas phase mass transfer coefficients for ethyl ether and water when the fetch (i.e., the distance the wind travels over the water's surface) to epilimnion depth ratio, for a surface water body, is greater than 50 (given as where A r is the lake
1/2
A /h r surface area and h is the depth of the epilimnion). The modified versions of these equations, to account for fluctuations in water temperatures, as suggested by Downing and Truesdale (1995) and Lunney et al. (1985) , are given as Lunney et al. (1985) . In Thibodeaux's model, the gas phase mass transfer coefficient is valid for wind speeds >0. Under quiescent conditions, the gas phase mass transfer coefficient was conservatively approximated to be 1/100 the gas phase mass transfer coefficient under windy conditions, as suggested by Thibodeaux (1996) . These local liquid and gas phase mass transfer coefficients were empirically derived for ethyl ether and water vapor, respectively, but can be converted for MTBE using a ratio of the molecular diffusion coefficients and a temperature correction (Lunney et al. 1985; Thibodeaux 1996) , assuming other parameters are held constant (i.e., wind speed, surface area) (Thibodeaux 1996) . The temperature correction applies only to the liquid phase mass transfer coefficient, while the gas phase coefficient is independent of water temperature.
Model Validation
Model validation was completed in two steps: (1) Validation of the first order volatilization model without MTBE input; and (2) validation of Eq. (3) with volatilization, advection, and an MTBE source term. The first-order volatilization model was validated using field data epilimnion water samples collected after recreational boating had substantially decreased or ceased. The data in Fig. 1 were obtained from the Metropolitan Water District of southern California for Lake Perris (Davis 1997) . Lake Perris has been characterized as follows: (1) The surface area of Lake Perris is approximately 3.5 sq mi; (2) the water temperature was approximately 20ЊC during the modeling period; (3) the epilimnion depth was 8 m (26 ft) during September and October (G. Faulconer, unpublished data, 1997); (4) the average hydraulic residence time in Lake Perris was >1 year (G. Faulconer, unpublished data, 1998) ; and (5) the wind speeds from October 1996-January 1997 in Beaumont, Calif., at 2 m above the surface, averaged 4.8 m/s (11 mi/h) (NOAA 1998). However, since wind speeds show considerable temporal variability, calculations were carried out for wind speeds between 0 m/s (0 mi/h) (completely quiescent conditions) and 6.7 m/s (15 mi/h), representing the higher range of wind speeds.
As Fig. 1 illustrates, the predicted first-order decay of MTBE accurately matches the observed MTBE concentrations. The close match between the predicted and observed MTBE concentrations substantiates the assumptions: (1) volatilization is the dominant mechanism for MTBE mass transfer from surface waters when advective transport is relatively small (i.e., > 1); and (2) volatilization can be accuratelȳ t K a res L modeled with a first-order equation to predict the fate of MTBE from surface water bodies.
The model [(3)] was then validated using data on boat-usage statistics (two-stroke engines), hydraulic parameters, and seasonal limnologic characteristics, obtained from the Santa Clara Valley Water District (SCVWD) for Calero Reservoir (Hemmeter 1998). The SCVWD collected daily personal watercraftusage statistics (Fig. 2) , daily reservoir surface area and volume parameters, monthly epilimnion depth and temperature, and monthly MTBE concentrations. The following additional assumptions were made: (1) Personal watercraft discharged 10% of their fuel into the reservoir as unburned fuel, while the volume of unburned fuel discharge from two-stroke engines has been measured as high as 25% (G. C. Miller, personal communication, Oct. 7, 1998) , and this smaller volume can be considered an average that accommodates immediate volatilization following fuel discharge, as mentioned above; (2) MTBE was present in all gasoline burned at 11% by volume; (3) each personal watercraft burned two 10 gal. tanks of gasoline each day (approximately 4 h of use); and (4) wind speeds over the reservoir average 3.1 m/s (7 mi/h) yearly (NOAA 1999) . Fig. 3 compares the predicted to measured MTBE concentrations for a 15-month period from April 1997 to July 1998. The observed and predicted MTBE concentrations show good agreement, thus further validating the model. 
Implications of Model
The proposed model provides a basis on which to evaluate the impact of a number of chemical specific and environmental variables on the fate of MTBE and other gasoline constituents in standing water bodies. Key parameters that influence the fate of these oxygenates in water include Henry's constant, water temperature, wind speed, lake or reservoir surface area, and hydraulic conditions.
Henry's Constant
The dimensionless Henry's constant for MTBE has been reported over a wide range from 0.02 to 0.1 at 20ЊC [Office of Sciences and Technology Policy (OSTP) 1997; Sun 1998 ]. Because of this variability in the reported value of Henry's constant, the impact of different values of Henry's constant on the half-life of MTBE was evaluated. Under nonquiescent conditions (e.g., wind speeds >2.2 m/s), liquid phase resistance to mass transfer, controls the overall mass transfer rate constant [see (5)]; the rate of volatilization is virtually independent of Henry's constant, for K H > 0.01 (dimensionless). This result suggests that a compound's rate of volatilization from surface waters (in this case, MTBE), is primarily dependent on hydrologic and limnologic conditions when K H > 0.01 (dimensionless).
Temperature
Increasing water temperature increases both the liquid phase mass transfer coefficient and Henry's constant. However, as stated previously, under typical wind conditions [wind speeds >2.2 m/s (5 mi/h)] the overmass transfer coefficient is independent of Henry's constant. Consequently, the water temperature only affects the liquid phase mass transfer coefficient. Increases in temperature increase the rate of MTBE volatilization, as expected, and decrease the half-life. For example, a 10ЊC increase in water temperature will result in a 20% decrease in the MTBE half-life in the lake [see (6)]. Fig. 4 illustrates the effect of wind speed and surface water epilimnion depth on the half-life of MTBE, assuming negligible advective losses. The figure shows that increasing wind speed for a constant epilimnion depth decreases MTBE's halflife in surface waters. This phenomenon is due to the increased action of waves and other similar disturbances for higher wind speeds, which increases the magnitude of turbulent diffusion near the air/water interfacial area and, thus, increases the overall mass transfer rate. For example, at 5 m/s (11 mi/h), a 1 m/ s (2 mi/h) increase in wind speed decreases the half-life of MTBE by approximately 30%. This half-life reduction is magnified at lower initial wind speeds. If the wind speed increases from 2.7 m/s (6 mi/h) to 3.6 m/s (8 mi/h), the half-life decreases by 40%. Under quiescent conditions, where mass transfer is controlled by the gas phase resistance, the half-life is conservatively calculated to be between 6 and 40 days for varying epilimnion depths. However, Fig. 4 suggests that under typical environmental conditions [wind speed between 2.2 and 6.7 m/s (5 and 15 mi/h), the half-life for MTBE in surface waters will vary from 1 to 35 days.
Wind Speed

Epilimnion Depth and Turnover
As Fig. 4 illustrates, the half-life for MTBE volatilization decreases as the epilimnion depth decreases. Assuming that the surface water body is stratified with a distince epilimnion and hypolimnion, any compounds in the epilimnion will not mix into the hypolimnion, but will remain concentrated in the epilimnion. However, when climatological conditions change, lake turnover can occur. If this turnover occurs before MTBE has volatilized, the mass of MTBE remaining in the epilimnion will be mixed over the entire depth of the lake. When the thermocline is reestablished, MTBE will be trapped in the newly formed hypolimnion. However, this phenomena did not occur in any of the surface waters analyzed, because these lakes experienced turnover in late fall and then restratified by mid to late spring. This allowed a sufficient amount of time for complete MTBE volatilization from the surface water body. Because lake turnover requires colder surface temperatures, under likely scenarios, recreational activity will naturally cease, due to inclement weather prior to lake turnover. The rapid exponential decay of MTBE under most conditions, reduced the likelihood for MTBE mixing throughout the depth of a lake.
Surface Area
The effect of lake or reservoir surface area on the rate of MTBE volatilization is only important in determining the gas phase mass transfer coefficient [see (7)]. Harbeck (1962) suggests that the inverse relationship between volatilization and surface area is due to a lower downwind concentration gradient across the air/water interface; thus, volatilization decreases slightly for increasing fetch. However, this effect of slightly increasing volatilization for diminishing lake size may also be due to the larger role of turbulent shore effects causing an increase in wind mixing and, thus, a decrease in gas-phase resistance for smaller lakes. Regardless of the specific reason, (7) suggests that the surface area of a lake does not play a significant role in determining the rate of mass transfer, because the gas phase mass transfer coefficient does not control the rate of mass transfer.
Other Gasoline Constituents
Under normal boat use, MTBE is not released as a pure compound, but rather as one of many volatile constituents found in gasoline. Fig. 5 illustrates the relative volatility of MTBE compared to other gasoline constituents and other potential oxygenates from water. The model predicts that MTBE, benzene, toluene, ethylbenzene, and xylene volatilize at very similar rates, but much faster than tert-butyl alcohol (TBA) and ethanol, because of the very low Henry's constant of the alcohols [K H < 0.01 (dimensionless)]. This result was confirmed by bench-scale studies conducted at the University of Nevada, Reno (G. C. Miller, personal communication, Oct. 7, 1998) . For a deep lake with no thermocline [epilimnion > 11 m (36 ft)], the half-life of MTBE and benzene would be approximately 82 days, compared to the half-lives of 256 and 362 days for TBA and ethanol, respectively.
CONCLUSION
The model predicts that for a lake or reservoir with a deep epilimnion (approximately 35 ft), the maximum half-life for MTBE will range between 6 and 40 days, depending upon wind speed (0-15 mi/h). To reduce MTBE from a maximum observed value of 25 to 1 ppb, a likely target threshold for reservoir managers, the maximum time required will be between 20 and 80 days for wind speeds >2.2 m/s (5 mi/h). For typical California conditions of 15ЊC water, 7.6 m (25 ft) epilimnion, and wind speeds >2.2 m/s (5 mi/h), the half-life and time to achieve 1 ppb (96% removal) will be approximately 7 and 30 days.
In summary, MTBE concentrations in standing water bodies will generally diminish quickly. The rate of MTBE removal is faster than many other oxygenates (e.g., ethanol and TBA) and is similar to certain other gasoline components, namely, benzene, toluene, ethylbenzene, and xylene. Under most realistic lake and reservoir conditions, and assuming that reformulated gasoline releases have ended, MTBE is not likely to accumulate, and thus will not pose a significant long-term threat to water quality in surface water sources. However, MTBE input to the surface water body must cease in time to provide sufficient time for MTBE volatilization prior to lake turnover. This will require a case by case analysis to determine the appropriate management strategy for the surface water body to protect water quality, at the intake to the drinking-water treatment plant.
MTBE volatilization from surface waters can be accurately modeled using a non-steady-state mass transfer decay model, based on the two-film resistance model. Based on this analysis, we conclude that the reported disappearance of MTBE and other fuel constituents in surface waters is due to volatilization and not dilution, due to lake mixing. Consequently, under most conditions, MTBE will dissipate below detectable levels in lake waters once the source has been eliminated.
